Pelletizing of Indian chromite ores is more challenging due to their high refractory nature. High Cr/Fe ratio and high MgO content in these ores demand high firing temperatures and longer firing cycles but often result in low strength fired pellets. Aim of this study was to develop cold bonded chromite pellets for smelting in submerged arc furnace (SAF) from chromite fines using suitable binder that induce less gangue into the pellets but cures quickly. Different binders were studied through laboratory pelletizing experiments for their suitability for cold bonding the pellets. As result, a composite binder comprising dextrin and bentonite, was found to be suitable and pellets made from the same were tested for their low and high temperature behavior. Electron and optical micro structural studies with image analysis were carried out to find out the type and amount of phases formed in the chromite pellets during high temperature reduction. High temperature reduction studies revealed that pellets were resistant to disintegration up to 1 200°C. Pilot scale arc furnace trials were also carried out to compare the performance of cold bonded pellets (CBPs) with sintered chromite pellets and found that for a constant power input, smelting rate was faster for CBPs than sintered pellets. Loss of Cr to slag was reduced in case of cold bonded pellets usage.
Introduction
Ferrochrome is produced through carbothermic reduction of chromite burden in submerged arc furnace (SAF). Effective SAF smelting process needs permeable burden for the uniform flow of reduction gases and smooth furnace operation. Chromite burden for SAF generally comprises a combination of sintered chromite pellets or briquettes and lumpy chromite ore. Compared to lumpy ore and briquettes, sintered pellets are more preferred, due to their higher porosity, uniform size and shape. They are easily penetrated by reduction gases thereby increasing the process efficiency and reducing the energy consumption.
Pelletizing of Indian chromite ores is more challenging due to their refractory nature as a result of high Cr/Fe ration and high MgO content. Cr/Fe ratio ranges from 2.5-3.0, as compared to 1.5-1.9 of world leading South African chromite ores. Production of sintered chromite pellets from these ores requires high firing temperatures and longer firing cycles but often results in low strength sintered pellets. SAF needs chromite pellets with cold compression strength >50 kg/pellet. Production of sintered chromite pellets is not only energy intensive but also environmentally hazardous, emitting large amounts flue gases of like carbon dioxide, NOx and SOx etc.
Cold bonded pelletizing can be used to overcome these quality and environmental problems. It needs low capital and operating expenditure, consumes less energy and environmentally safe. Several cold bonded pelletizing processes were attempted at industrial scale [1] [2] [3] [4] [5] for utilizing metallurgical wastes and pelletizing iron, chromium and manganese materials and non-ferrous metallurgical mixtures. 6) But most of these processes relied on cementitious and slag generating binding materials, complex and long curing processes for making cold bonded pellets that made the process economically and practically not feasible.
Aim of this investigation was to develop a cold-bonded pelletizing process to produce chromite pellets for smelting in SAF. Different binders were studied in the laboratory pelletizing experiments to establish their effect on the quality of green and cured chromite pellets. After establishing the binder, its dosage in the pellets was optimized through low and high temperature simulating experiments. Electron and optical micro structural studies with image analysis were carried out to find out the type and amount of phases formed in the chromite pellets during high temperature reduction. Pilot scale arc furnace trials were also carried out to compare the performance of cold bonded pellets with sintered chromite pellets.
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Cold Bonded Pelletizing
The idea of cold bonded pelletizing was first started in Sweden for pelletizing the iron ore fines.
7) The first cold bonded pelletizing plant was started at Grängesberg, Sweden in 1971. 8) Thereafter this method was studied not only for iron ore fines but also for other minerals like chromite. In 1980's, this method was realized as an economically feasible process to agglomerate ore fines. Cold bonded pelletizing has some specific features in contrast to the traditional pelletizing of iron ores.
9) It consists of (i) blending and mixing the pelletizing mixture with the binder (ii) Balling of pelletizing mixture to form green pellets and (iii) Curing of green pellets.
Three factors affect the properties and capacity of the cold bonded pelletizing: raw materials (ore fines and binder), pelletizing techniques and the pellet quality requirements. 9) Mechanical strength is an important property of cold bonded pellets, as the pellets must often be transported in the plant and must be resistant to compression and impact loads caused during storage and handling. The binding mechanism and the tensile strength of wet and dry agglomerates were first defined and classified by H Rumpf. Rumpf's formula for the tensile strength of moisture-filled agglomerates (wet balls) is as follows; 10) where σ t is the tensile strength of agglomerate, C is a constant, ε is porosity of agglomerate, γ is surface tension, d is mean particle size of grain in agglomerate, θ is contact angle at air/ water/solid interface. Impact fracture resistance of agglomerates is controlled by fluid viscosity and is easily affected by the binder type, as binders can strongly affect the fluid viscosity.
11) Once the pellet is dried/cured, the dry strength is the function of type of binder used and the grain morphology inside the pellet.
11) The dry strength estimated by Rumpf is; 10) Where H is the mean strength of interparticle bridge. The equation shows that sufficient strength can be obtained by increasing the strength of the interparticle bridge by selecting a suitable binder.
Cold bonded pelletizing has number of benefits. Some of them are; 12) 1. Cold bonded pelletizing allows the recycling of byproducts generated in the plant 2. Prevents the emission of toxic gases like NOx and SOx 3. Freedom to manipulate both mechanical and metallurgical properties of agglomerates by including desired additive in their original form 4. Cheaper carbonaceous materials can be included in the agglomerates which reduce the consumption of costly coke and increase the reduction kinetics 5. More economical due to low capital investments, operating costs, feasibility of small scale production, cheaper process and lower energy requirements 6. Low energy requirements compared to conventional agglomeration processes But most of the cold bonded agglomeration process use cementitious binders like Portland cement. The disadvantages of using cement as binder are; 12) 1. Low temperature disintegration of cement bonded agglomerates between 500-1 000°C due to the decomposition of calcium silicate hydrate (CSH). Beyond 700°C, the strength decreases drastically, only 20% of the original strength remains. 2. The crystalline water present in the cement bonded pellets negatively influences the temperature distribution inside the furnace. 3. The cementitious binders in the agglomerates end up in the slag resulting in the increased energy consumption. 4. Slow and complicated curing process of cementitious binders limits the productivity and makes them less attractive. This investigation was targeted to look for suitable binder that induces less gangue to the pellets and cures quickly. For cold bonded pelletizing, organic polymers are promising as they do not add any gangue in pellets and they will burn off at moderately lower temperatures. Starches and starch derivatives are cheaper compared to other organic binders and are easily available in the market. Dextrin was tried by other workers and found superior compared to bentonite, sodium silicate, molasses, slaked lime and oil slush as a cold setting binder for the production of coal based DRI. 13) But the limitations of the most of the organic binders are their high cost and loss of strength at lower temperatures due to the burn off. When the dextrin burns off at 250-300°C temperature, there will not be any bonding between ore particles and hence another supporting inorganic binder is required to hold the particles till they develop required bonding. In this context, composite binder was intended for the development of cold bonded pellets.
Experimental
Materials used in this study were; Indian chromite fines, high grade chromite concentrate and chromite overburden from Sukinda region of eastern India; coke breeze; dextrin; bentonite; lime; sodium silicate; mill scale and micro silica. Tables 1 and 2 shows the chemical analysis and particle size distribution of these materials used in pelletizing.
Characterization Studies
Characterization of chromite fines and high grade concentrate was carried out using state-of-the-art QEMSCAN microscope. QEMSCAN is an automated instrument based on Scanning Electron Microscope attached with EDS (Energy Dispersive Spectrometer) and BSE (Back Scattered Electron) detector. The operational parameters were; acceleration voltage -25 kV, electron beam current -5.00 nA and electron beam diameter ≈ 2 micron.
Pelletizing Studies
Green pellets were prepared using a laboratory balling disc with a diameter of 600 mm, an edge height of 200 mm and a tilting angle of 45 degrees at 27 rpm. During balling, green pellets were screened with 10 mm and 12.5 mm screens to get 10-12.5 mm pellets and tested for their drop strength and green compression strength. Green pellets were cured naturally at 35°C ambient temperature in open air for 1 day and tested for dry compression strength and drop
strength from 45 cms and 100 cms height for different curing durations.
To establish suitable binder for cold bonding, pellets were prepared from chromite fines with different binders as shown in Table 3 and tested for their compression strength and drop strength. Optimum drying temperature of the established binder was determined by curing the pellets in the temperature range of 30°C to 400°C.
High Temperature Studies of Cold Bonded Pellets
High temperature behavior of cold bonded pellets was studied using a reduction and softening-melting apparatus as shown in Fig. 1 . Cold bonded pellets were charged in to graphite crucible to form a bed of 60 mm height. They were heated up to 100°C in Nitrogen atmosphere and thereafter reduced in CO atmosphere up to 1 600°C. Heating rate adopted was; 10°C/min up to 900°C, 3°C/min up to 900-1 200°C and 5°C/min up to 1 200-1 600°C. To simulate the loading conditions in the arc furnace a load of 0.6 kg/cm 2 was applied on the bed of the pellet sample.
Microstructural Studies of Reduced Cold Bonded
Pellets Microstructural studies of reduced pellets were carried out using optical microscope (Axioplan2) with image analyzer software and electron microscope (JEOL JXA-6400). Semi quantitative analysis of different phases in the microstructure was carried out using KEVEX super dry, EDX detector. X-ray mapping technique was also used to know the distribution of different elements in the microstructure. 
Results and Discussion

Characterization of Chromite Fines and High
Grade Chromite Concentrate 4.1.1. Chromite Fines QEMSCAN characterization was carried out to understand the distribution of chromite, iron and gangue minerals. The phases present in the sample were chromite, goethite and clay minerals as shown in Fig. 2 . Liberation analysis of sample showed that around 42 area% of the grains were liberated between 91-100% whereas 40 area% of the grains were liberated between 61-90% as shown in the Fig. 3 . The area fraction was calculated using integrated image analysis program of the QEMSCAN. 
High Grade Chromite Concentrate
The phases present in the high grade chromite concentrate were chromite, goethite and clay minerals as shown in Fig.  2 . Liberation analysis of sample showed that around 93 area% of the grains were liberated between 91-100% whereas 3 area% of the grains were liberated between 61-90% as shown in the Fig. 4 . From the mineralogy it is evident that high grade concentrate does not contain clay minerals as compared to chromite fines, thereby making the former more hydrophobic in nature. As a result green pelletizing of the high grade concentrate require less amount of moisture and green pellet quality may be inferior to the pellets from chromite fines.
Pelletizing Studies to Establish Suitable Binder
Green pelletizing studies were carried out to establish optimum binder/binder combination for producing cold bonded pellets suitable for submerged arc furnace application. Figures 5 and 6 shows the drop strength of cured pellets from 45 cm and 100 cm respectively with different binder combinations whereas Fig. 7 shows their compression strength after curing at 150°C for 1 hour.
From the pelletizing studies, it was evident that combination of dextrin and bentonite resulted in superior pellet quality among all the binders used. Dextrin, do not add any gangue in pellets and when it burn off at 250-400°C temperature, bentonite holds the particles till they develop required high temperature bonding. Improved performance of pellets made from bentonite and dextrin combination may be attributed to dispersion properties of bentonite during hydration. By virtue of its particle size, colloid content and crystal chemistry it has excellent self-dispersing properties. 14) Quality of cold bonded pellets using this composite binder was found to be superior compared to pellets made from either dextrin or bentonite alone. Based on the pellet quality this composite binder (75%dextrine + 25%bento-nite) was selected as suitable binder for cold bonding and used in all further pelletizing studies.
Cold Bonded Pellets from Different Types of Dextrin
As there are different types of dextrin are available commercially at different prices, pelletizing tests were conducted with chromite fines to study their effect on green and cured pellet quality, as shown in Table 4 . After curing, dex- Fig. 8 , it was found that 150°C was suitable curing temperature for cold bonded pellets. Beyond this temperature, dextrin found to start burning leading to poor quality of pellets.
Effect of Chromite Grade on Cold Bonded Pellet
Quality To study the suitability of composite binder on the chromite grade, pellets were prepared from high grade chromite concentrate and compared to pellets with chromite fines. However, to maintain the Cr/Fe ratio of the pellets at a constant value of 2.6, chromite overburden was added accordingly to both chromite fines and high grade concentrate. The results of these pellets are shown in Table 5 . It was evident form the results that composite binder was also suitable for high grade chromite concentrate to produce desired quality cold bonded pellets. The strength of high grade concentrate pellets for unit area was found to be superior as compared to the strength of pellets from chromite fines. This could be attributed to the low amount of ultrafines in chromite concentrate (minus 500 mesh or 25 microns ~24%) that demand lower binder dosage due to lower surface area as compared to the chromite fines with higher ultrafines, minus 500 mesh or 25 microns ~47%.
High Temperature Simulation Studies of Cold
Bonded Pellets High temperature simulation studies of cold bonded pellets made from both chromite fines and high grade chromite concentrate were carried in reduction and softening-melting equipment as shown in Fig. 1 . Bed shrinkage and pressure drop across the bed of the cold bonded pellets during nonisothermal high temperature reduction are shown in Figs. 9 and 10 respectively. Figure 11 shows the pictures of reduced pellet samples after the reduction test and Fig. 12 shows their optical microstructure. Chemical analysis of these reduced pellets is given in Table 6 . To understand chemistry of different phases formed after reduction, EDS analysis and X-ray mapping of the reduced samples was carried out. Figures 13 and 14 shows the SEM image and EDS analysis of pellets from chromite fines CBPs and high grade concentrate respectively. Figure 15 shows the X-ray mapping of pellet form chromite fines. From the results, it was evident that pellets from chromite fines retained their strength up to 1 200°C without generating fines whereas pellets from high grade concentrate started shrinking from 600°C temperature. The shrinkage in high grade concentrate pellets was primarily due to the LOI (loss on ignition) of the externally added chromite over burden, which is primarily rich in hydroxide mineral matter. During reduction the hydroxide mineral starts losing its combined water from 600°C onwards and gets reduced and sintered thereafter leading to higher shrinkage. Pellets still intact at that temperature and hence there was no surge in pressure drop. From these reduction tests it could be anticipated that these pellets when charged in to the submerged arc furnace, would not generate the undesired fines at high temperature and retain their structure due to the reduction of iron oxide to form metallic iron and its subsequent sintering at higher temperatures.
Optical and electron microscope images and EDS analysis of the reduced samples confirm that small quantities of ferrochrome was formed in the reduced samples and the Cr and Fe metallization of the reduced samples is given in Table 6 . Formation of metallic Fe and Cr could be due to the admixed carbon in the cold bonded pellets in the form of coke breeze.
Pilot Scale Smelting Studies of Cold Bonded Pellets
in Submerged Arc Furnace Pilot scale arc furnace trials were conducted using 60 kW capacity 13 kg pilot arc furnace. Two smelting trials, one with sintered chromite pellets and the other with cold bonded pellets from chromite fines, were carried out to understand the smelting reduction of pellets at a constant power input of 57 kW. The composition of burden used in both the trials is given in Table 7 and chemical composition of sintered pellets and cold bonded pellets used for pilot trials is given in Table 8 . Figure 16 shows the power consumption pattern and ferrochrome & slag chemistry after smelting in the arc furnace. From the results, it was understood that cold bonded pellets were reduced faster as compared to sintered pellets. Admixed carbon reductant present in the cold bonded pellets could be attributed to the faster reduction of the former. During trials, it was also observed that cold bonded pellets were intact even at higher temperatures without generating unwanted dust or fines. This could be attributed to the fact that at higher temperatures dextrin decomposes into carbon and other decomposition gases like CO, CO2 and hydrogen in the reducing atmosphere, 15) unlike its burn-off in the oxidizing atmosphere. The resultant carbon reacts with the oxide particles to form mechanical bridges that increase the strength of pellets. Chemical analysis of slag and metal, as shown in Fig. 16 , revealed that recovery of chromium was comparatively high in case of cold bonded pellets with only 2% Cr2O3 loss in slag and 8% higher Chromium in metal as compared to sintered pellets. Higher chromium recovery could be attributed to in-situ pre-reduction of chromite particles by admixed carbon within the pellets before their dissolution in the slag melt for the subsequent reduction by dissolved carbon in slag. The admixed coke breeze up to 2.5% reduced the chromite through direct reduction leading to lower Cr loss to slag. Ferrochrome phase present in the optical microstructure of reduced pellet samples, Fig. 12 , also confirmed the prereduction of chromite. These pilot trials proved that cold bonded pellets can substitute sintered chromite pellets in submerged arc furnace without creating adverse operating conditions, but improves the chromium recovery. 
Conclusions
To develop cold bonded pellets from chromite fines for smelting in submerged arc furnace (SAF), different binders were studied through laboratory pelletizing experiments. Cold bonded pellets with the established composite binder were tested for low and high temperature behavior. Pilot scale arc furnace trials were also carried out to compare the performance of cold bonded chromite pellets with sintered chromite pellets. Optical and electron micro structural studies were carried out to find out the amount and type of phases formed in the chromite pellets during high temperature reduction. The following conclusions can be drawn from the present work;
(1) Composite binder comprising dextrin and bentonite found to be most suitable for the cold bonded pelletizing of chromite fines and concentrate. 4% composite binder and curing temperature of 150°C found to be optimum for cold bonded pellets to achieve the desired cold compression strength of >50 kg/pellet for arc furnace smelting.
(2) Cold bonded pellets made from high grade chromite concentrate were found to be inferior compared to the pellets from chromite fines, due to the presence of high amount of ultrafine hydrophilic chromite overburden in the former that increased the porosity and reduced the binding efficiency.
(3) High temperature reduction studies revealed that pellets from chromite fines and high grade concentrate retained their strength up to 1 200°C and 1 100°C respectively without disintegration. This could be attributed to the decomposition of dextrin into fine carbon and its subsequent reaction with iron oxide to form metallic iron that sintered at higher temperatures to increase the strength.
(4) Pilot scale arc furnace trials revealed that, smelting rate was faster for cold bonded pellets as compared to sintered chromite pellets for a given power input. Chromium recovery of cold bonded pellets was found to be comparatively better due to the pre-reduction of chromite by the admixed coke breeze in the pellets.
